An appreciable fraction of the Drosophila melanogaster genome is dedicated to male fertility. One approach to characterizing this subset of the genome is through the study of male-sterile mutations. We studied the relation between vital and male-fertility genes in three large autosomal regions that were saturated for lethal and male-sterile mutations. The majority of male-sterile mutations affect genes that are exclusively expressed in males. These genes are required only for male fertility, and several mutant alleles of each such gene were encountered. A few male-sterile mutations were alleles of vital genes that are expressed in both males and females. About one-fifth of the genes in Drosophila melanogaster show male-specific expression in adults. Although some earlier studies found a paucity of genes on the X chromosome showing male-biased expression, we did not find any significant differences between the X chromosome and the autosomes either in the relative frequencies of mutations to male sterility or in the frequencies of genes with male-specific expression in adults. Our results suggest that as much as 25% of the Drosophila genome may be dedicated to male fertility.
Introduction
An appreciable fraction of the Drosophila genome is dedicated to male fertility, and inferentially to the germ line. One approach to characterizing this subset of the genome is through the study of male-sterile mutations. It was noted almost forty years ago that mutations to male sterility in Drosophila melanogaster are recovered at frequencies of 10-15% the frequencies of mutations to lethality [1] . This is true for both the X chromosome and the autosomes. Does this reflect a large number of genes that are required solely for male fertility, or are many of the male-sterile mutations in genes that are also required for viability and/or for female fertility? Two studies suggested that most genes identified by male-sterile mutations are essential for viability [2] , [3] . Both of these studies were done with X-linked lethal and male-sterile mutations, which made the determinations of allelism more difficult. It has also been reported that a paucity of genes on the X chromosome show malebiased expression [4] , [5] , [6] , making it problematic whether conclusions from sex-linked male-sterile mutations can be extended to the rest of the genome. We took advantage of the availability of a collection of stocks with highly-mutagenized autosomes to revisit this problem. We identified a large number of male-sterile mutations within three genetically characterized regions of the genome and determined which mutations are alleles of genes that can also mutate to lethality and which mutations are alleles of genes that are required only for fertility. We found that the majority of male-sterile mutations in these regions affect fifteen genes that are required only for fertility. Additionally, only three of the fifteen are required in both sexes, with the remaining twelve required only for male fertility. This agrees with earlier observations that the genetic control of gametogenesis is distinct in males and females of Drosophila [7] . We identified the transcription units for eight of the twelve genes that are required only for male fertility. All of these genes show male-specific expression in adults. Surprisingly, almost one quarter of all genes transcribed in adults show male-specific expression. Although few transcripts expressed in adults of both sexes do not correspond to annotated genes, many transcripts with sex-specific expression in adults show no overlap with exons of predicted genes. These sexspecific transcripts appear to identify genes that have not been annotated. The functions of these unannotated genes remain to be elucidated, but these genes appear to account for about 18% of all sex-specific genes. It has been reported that there are fewer genes on the X chromosome with male-biased expression [5] , [6] . We found that the frequencies of genes with male-specific expression do not appear to differ between the X chromosome and the autosomes. In addition, compared to lethal mutations, male-sterile mutations are recovered at about the same frequencies on the X chromosome and the autosomes.
Materials and Methods
An experimental approach to this problem became available with the establishment of the Zuker collection of stocks (,6000 second chromosome stocks and ,6000 third chromosome stocks) [8] containing balanced autosomes that had been highly mutagenized by ethyl methane-sulfonate (EMS) (cn bw/CyO for chromosome 2 and bw; st/TM6B, Hu Tb for chromosome 3) and the demonstration that 2396 of these stocks contained male-sterile mutations [9] . The treated autosomes in these lines were originally classified as homozygous viable at their genesis on the basis of survival of cn bw or bw; st offspring; however, many of the lines were segregating for recessive lethal mutations. The lines segregating for recessive lethal mutations were derived from mosaic gonads [10] and comprised a mixture of two different autosomes, both in balanced condition, one or both of which could carry independently induced lethal mutations. The apparent homozygotes were actually trans-heterozygotes of lethal-bearing chromosomes. The male-sterile mutations in these lines were complete mutations affecting both components of the mosaics. Very often the segregating lethals became fixed in the balanced lines so that homozygous males could no longer be obtained from the stock, although the male-sterile mutations persisted.
In order to examine the allelic relations between the malesterile and lethal mutations, we selected a subset of male-sterile mutations by screening them against several autosomal deficiencies for regions that had previously been saturated for lethal mutations (Table 1) . Males heterozygous for the male-sterilebearing chromosomes were crossed to females carrying the autosomal deficiencies and the ms/Df progeny tested for male fertility. Accordingly, some of the deficiency heterozygotes failed to survive because the deficiency uncovered an independent lethal mutation that had become fixed in the balanced lines, others were male sterile (locating the male sterile to the deficiency), but the majority were viable and fertile. For those lines in which the mutagenized chromosome heterozygous to the deficiency was either lethal or male sterile, more precise localizations of the mutations were then determined by crossing to a series of included and overlapping deficiencies that subdivided the larger regions into a series of subregions. Mutations falling into particular subregions were then differentiated and allelism determined by complementation tests.
At this point in the analysis we had two collections of mutations for three large autosomal regions. The first collection included the male-sterile mutations mapped to deficiencies and sorted into complementation groups by allelism. The second collection included the lethal mutations similarly mapped and characterized. It remained to determine the complementation relations between them. Several alleles of each male sterile complementation group were crossed to alleles of all of the lethal complementation groups within the same subregion. Males that carried a male-sterile mutation on one chromosome and a lethal mutation on the homolog were examined for viability and fertility.
The molecular natures of several of the male sterile mutations on the third chromosome were determined by amplifying the candidate open reading frames from homozygous or hemizygous males by PCR and sequencing the amplified DNA. The mutant sequence was compared to the sequence of the same candidate gene amplified from the parental bw; st stock.
For the mutagenesis experiments, we assumed that the recovered mutations followed a Poisson distribution. We calculated the mean number of mutations per chromosome (m) from the frequency of mutation-free chromosomes, which equals e 2m . The mean numbers of lethal mutations (m l ), male sterile mutations (m ms ), and female sterile mutations (m fs ) were estimated in this manner.
For the analysis of male-specific transcripts, the high-throughput RNA sequencing (RNA-seq) data from the Developmental Stage Time Course Transcriptional Profiling of the modENCODE Project [11] (http://flybase.org/cgi-bin/gbrowse/dmelrnaseq/) were used to determine the sex-specific adult expression of transcripts in selected regions of the genome. Although many of the genes expressed in adults are also expressed during embryonic, larval, or pupal stages, we did not attempt to determine whether expression at earlier stages of development is sex-specific.
Results and Discussion
We previously screened 11,502 lines from the Zuker collection containing autosomes that were initially classified as homozygous viable, and identified 2216 male-sterile lines and 180 barely-fertile lines [9] . We crossed the 968 male-sterile and barely fertile secondchromosome lines to three overlapping deficiencies that span the Adh region (,2938 kb) [12] and identified 48 lines in which the hemizygous males were sterile and four lines in which the hemizygous flies were lethal. We crossed the 1428 male-sterile and barely-fertile third-chromosome lines to both Df(3L)kto2 (,640 kb) [13] and Df(3L)th102 (,315 kb) [14] and tested hemizygous males for fertility. Forty-one lines were identified in which the hemizygous males were sterile, and sixteen lines in which the hemizygous flies were lethal. When mapping the mutations, we identified one line (Z0002) that carried both a lethal mutation and an independent male sterile mutation within Df(3L)kto2. The results of the mapping and determination of allelism are summarized in Table 2, Table 3, Table 4 
Most male-sterile mutations are not alleles of genes essential for viability
We believe that the lethal mutations that we identified in our deficiency tests came from mosaic gonads and are independent of the recessive male sterility of the original lines. The alternative hypothesis is that they are haplo-specific lethals [15] that are viable but male sterile when homozygous. Such haplo-specific lethal mutations should survive and be male sterile when homozygous or when heterozygous to other hypomorphic alleles of the same gene. To test this alternative hypothesis, we examined the 16 third chromosome lines that were lethal when heterozygous to a deficiency. Although homozygous mutant males were recovered for the initial screening in every line [9] , homozygous flies are no longer found in any of the 16 lines. We were also able to test 10 of the 16 mutations for complementation with previously identified hypomorphic alleles (Table 4) . For two mutations, no males (or females) were recovered in combination with hypomorphic alleles. For the other eight mutations, males heterozygous for the lethal mutations identified in this study and previously identified hypomorphic alleles survived, but were fertile. These results are consistent with the proposition that the lethal mutations came from mosaic gonads and are independent of the male-sterile mutations.
Three-quarters of the male-sterile mutations (68/90) are in 15 genes that appear to be required only for fertility, and not for zygotic viability. Only 22 of the 90 male sterile mutations (24%) are alleles of eleven essential genes. While a few of the malesterile alleles of essential genes show reductions in viability and/ or female fertility, most are male sterile when heterozygous to lethal alleles, but show little or no decrease in viability. That the male sterile alleles of essential genes are special alleles is also suggested by their frequency. Although we recovered an average of almost 5 alleles for each of the genes required only for fertility, we recovered an average of only 2 alleles each for the genes also essential for zygotic viability. For the three genomic regions that we have characterized, there are at least 101 genes essential for zygotic viability and an additional 15 genes required for male fertility (Table 1 and Table 2 ). Of the 15 genes required for male fertility, 4 {ms(2)34Fe, ms(3)72Dt, Rcd7, and ms(3)76Cc} are in the sperm proteome [16] .
Most male-sterile mutations do not affect female fertility
Of the 15 fertility genes that we identified, 12 are male-specific. The transcription units for three of the male-specific fertility genes that had been previously identified {ms(2)34Fe, nht, and ms(2)35Ci} all appear to be expressed in adult males, but not adult females (Table 2 ). Based on these results, we sequenced candidate transcription units with male-specific expression from mutants of five of the other male-specific fertility genes. We were able to identify the transcription units for all five ( Table 5 ). Three of the fertility genes (twe, wnd, and Kap-alpha1) are required for both male and female fertility, although not all alleles are female sterile. We also identified the mutant lesions in the wnd and Kapalpha1 alleles from the Zuker collection (Table 5 ). As expected, the three genes that are required for both male and female fertility are expressed in both adult males and adult females ( Table 2) . Of the male-sterile mutations that we tested, about 12% were also female sterile. This is consistent with the earlier estimate that about 9% of autosomal male-sterile mutations also affect female fertility [7] .
Male-sterile mutations are more frequent than femalesterile mutations
We have compared the frequencies of male-sterile mutations, female-sterile mutations, and lethal mutations from published experiments ( Table 6) . We have only included experiments where the frequencies of two different classes of mutations were reported. In the experiments that examined both male-sterile and femalesterile mutations, male-sterile mutations were recovered at 1.5 to 1.9 times the frequency of female-sterile mutations. Male-sterile mutations were recovered at 11-22% the frequency of lethal mutations, while female-sterile mutations were recovered at 5-10% the frequency of lethal mutations. Male-sterile mutations are as frequent on the X chromosome as on the autosomes
In the genus Drosophila, there is a paucity of genes on the X chromosome showing male-biased expression [4] , [5] , [6] , [17] , suggesting that the X chromosome is a disfavored location for genes selectively expressed in males. For example, Joslyn used a differential cDNA screen from hand-dissected testes to isolate clones of genomic DNA that included only genes expressed specifically in the adult male reproductive organs; he examined expression patterns and polytene locations of the sequences so isolated. Of 56 sequences expressed in the germ line, identified by their failure to be expressed in the germ-lineless sons of tud mothers, only 3 mapped to the X chromosome [4] . Since he sampled highly expressed genes, he concluded ''that genes that are relatively highly expressed in male germ cells are underrepresented on the X chromosome, whereas spermatogenic genes, in general, are evenly distributed''. This conclusion is supported by RNAseq annotation 5.32 in which the most highly expressed 10% of testis-expressing genes include 20 Xlinked:204 autosomal genes, with total expressions of ca 16,000 to 260,000 respectively. Parisi and colleagues used competitive hybridization to DNA microarrays of 14,142 predicted D. melanogaster transcripts and found that 14% to 17% of autosomal transcripts showed male-biased expression in adults while only 10% of sex-linked transcripts showed malebiased expression [5] . However, the paucity of X-linked genes with male-biased expression is not universal among diptera. Genes with male-biased expression are not under-represented on the X chromosome of the mosquito Anopheles gambiae [18] . Given the reported paucity of genes with male-biased expression on the X chromosome of D. melanogaster, we were surprised that there does not appear to be a corresponding difference in the frequencies of EMS-induced male-sterile mutations between the X chromosome and the autosomes (Table 6 ). Male-sterile mutations were recovered at about 12% the frequency of recovery of lethal mutations for both the X chromosome and both major autosomes. How do we reconcile these disparate observations?
A large proportion of genes show male-specific expression in adults
The recent availability of high-throughput RNA sequencing (RNA-seq) data from the Developmental Stage Time Course Transcriptional Profiling of the modENCODE Project [11] (http://flybase.org/cgi-bin/gbrowse/dmelrnaseq/) allowed us to re-examine the finding that the X chromosome has a paucity of genes showing male-biased expression, but shows no corresponding reduction in the frequency of male-sterile mutations recovered after mutagenesis. We began by examining whether transcription in adult flies is sex-specific for each of the nineteen molecularly-identified genes for which we recovered male-sterile mutations ( Table 2 ). The eight genes that are required only for male fertility are expressed in adult males, but not adult females. The three genes that are required for fertility of both sexes and the eight genes that are essential for viability are all expressed in both sexes in adult flies. We next chose three autosomal regions (,4.5% of the autosomes) that overlapped the regions that we screened for male sterile-mutations. We also chose two X chromosomal regions (,24% of the X chromosome) that overlapped the regions previously screened for male-sterile mutations [2] , [3] . We then examined the modENCODE Project data for each region to determine which genes are expressed in adults and whether the adult expression is sex-specific (Table 7) . For both the X chromosome and the autosomes, we estimate that about 20% of the annotated genes expressed in adults are male specific. The frequency of genes with female-specific expression The ''classic'' male sterile phenotype [9] is a failure during spermatid differentiation, usually with extensive spermatid elongation, little or no sperm individualization and coiling, and the base of the testis filled with debris. doi:10.1371/journal.pone.0055915.t002 Table 3 . Male-sterile alleles of vital genes from the Zuker collection. in adults is at least an order of magnitude lower. We also found many sex-specific transcripts in adults that do not correspond to exons of genes annotated in Release 5.26 of the D. melanogaster genome sequence. These sex-specific adult transcripts appear to identify substantial numbers of genes with male-specific expression that have not yet been annotated. From the data in Table 7 ,
we estimate that about 18% of sex-specific genes were not annotated (39 of the 214 sex-specific genes in the genomic regions that we examined have not been annotated). This proportion is the same for the X chromosome and the autosomes. When we include genes that have not yet been annotated in our analysis, there is still no significant difference between the X chromosome and the autosomes in the frequencies of genes with male-specific adult expression. If there is no paucity of genes with male-specific expression on the X chromosome, what is the significance of the paucity of genes with male-biased expression? It was found that among insertions of a transposon containing a testis-specific reporter gene, the average expression levels of the reporter gene from insertions on the X chromosome was only about one-quarter the average expression levels from insertions on the autosomes [19] , [20] . Recent work suggests that lower expression levels in the testis may be a property of all X-linked genes [21] . Why is this significant? Lower average expression levels for genes on the X chromosome would result in fewer genes showing male-biased expression above the arbitrary thresholds set in previous analyses [4] , [5] , [6] , [7] , [17] . Two recent publications [22] , [23] have reexamined the paucity of male-biased genes on the X chromosome of Drosophila. Both groups concluded that there does not appear to be a paucity of testis-biased genes on the X chromosome. Since we expect that the great majority of malespecific genes will be testis specific, it is not surprising that we find no paucity of male-specific genes on the X chromosome.
Most male-specific genes are not paralogs of genes expressed in both sexes
The observation that 20-25% of genes are expressed only in males is striking. This high proportion is even more notable when we consider that only 1-2% of genes are female-specific. Why are there so many genes that appear to function only in males? It has been noted previously that there are testis-specific paralogs for many subunits of some large protein complexes in Drosophila. For example, five of the thirteen TBP-associated factors (TAFs) have testis-specific paralogs [24] . Testis-specific paralogs have also been described for 12 of the 33 proteasome subunits [25] . Could most of the male-specific genes be paralogs of genes that are expressed in both sexes? For the 164 male-specific genes that we had identified (Table 7) , we searched for paralogous proteins with at least 25% identity. We identified paralogs for 65 of these 164 genes. Many For most experiments, the numbers of chromosomes that carry lethal or sterile mutations/the total number of chromosomes tested were reported. For two of the X chromosome samples, the percentage of the chromosomes carrying lethal mutations was estimated from the sex ratio. m l , m ms , and m fs are the mean numbers of lethal, male sterile, and female sterile mutations per chromosome, respectively. doi:10.1371/journal.pone.0055915.t006 Table 7 . Genes with sex-specific expression in adults. genes had multiple paralogs. Forty-one of the male-specific genes have one or more paralogs that are also male-specific. Only 40 of the 164 male-specific genes have at least one paralog that is expressed in both sexes. Thus, the majority of genes with malespecific expression are not simply sex-specific paralogs, but encode functions unique to males.
